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Abstract 
A teaching laboratory experiment is described that uses Archimedes’ principle to precisely 
investigate the effect of global warming on the oceans. A large component of sea level rise is 
due to the increase in the volume of water due to the decrease in water density with 
increasing temperature. Water close to 0 °C is placed in a beaker and a glass marble hung 
from an electronic balance immersed in the water. As the water warms, the weight of the 
marble increases as the water is less buoyant due to the decrease in density. In the experiment 
performed in this paper a balance with a precision of 0.1 mg was used with a marble 40.0 cm3 
and mass of 99.3 g, yielding water density measurements with an average error of -0.008 ± 
0.011%. 
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Introduction 
The Earth is warming and the climate is changing. Climate change is a complex issue and 
sophisticated computer models have been built that run on the world’s most powerful 
computers.  There is a huge scientific literature and numerous media reports on the subject of 
climate change can be found on the internet.  
 
One of the main concerns with global warming is sea level rise. A Google search on this 
subject will elicit computer-generated images of Manhattan skyscrapers poking out of the 
ocean [1]. Although some of these images may be a little far-fetched, there is no doubt that 
the average sea level has risen over the last century. Tide gauge data has been recorded since 
1880 and satellite altimeter data since the 1990’s. Between 1880 and 2010 the average sea 
level rose by 200 mm [2] and the average temperature of the oceans increased by 0.85 °C [3]. 
The current rate of sea level rise is 3.2 ± 0.4 mm yr-1 [4-6]. This rise has already affected 
coastlines and in some cases coastal properties have literally fallen into the sea. Some island 
nations are well on the way to disappearing in the South Pacific and Indian Oceans and are 
considering relocating to other countries, for example Australia in the case of the South 
Pacific nation of Tuvalu [7]. 
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The two main causes of the rise in average sea level are the melting of land-based ice and the 
thermal expansion of seawater. Thermal expansion of seawater depends on the increase in 
global surface temperature. Estimates of global surface temperature increases of up to 6 °C 
by the year 2100 have been predicted by the Intergovernmental Panel on Climate Change 
(IPCC) [8]. Land ice makes up approximately 32.3 million cubic kilometres of global surface 
water [9] and would significantly contribute to sea level rise.  
 
Although the rise in sea level is a global phenomenon and will affect all coastal cities, some 
places are more vulnerable than others. For example, the sea level on the Atlantic coast of 
North America north of Cape Hatteras is rising 3-4 times faster than the global average, 
which has been attributed to a reduction in the strength of the Atlantic Meridional 
Overturning Current (AMOC) [10]. On top of the increase in average sea level are temporal 
increases due to more extreme climatic events, for example lower pressure cyclones 
increasing the height of storm surges.  
 
The expansion of water with temperature is difficult to demonstrate in teaching laboratories 
since at most in this range 1 litre of water will expand by less than 0.2 millilitres per degree 
Celsius. Methods such as that described in [11] require students to make precise fluid volume 
measurements relying on correctly calibrated fluid containers, which also are subject to 
thermal expansion, although this can be taken into account. 
 
The density of water as a function of temperature can be measured by weighing a probe of 
known volume, a glass marble for example, immersed in the water [12]. This makes use of 
Archimedes’ principle, which is that the weight of an object wholly or partially immersed in 
water is reduced by an amount equal to the weight of the water displaced. The experiment 
described in this paper is performed by first year physics students taking an introductory 
course that includes an assignment on sea level rise. In this experiment, students will notice 
that the marble gets progressively heavier as they lift it out of the water. 
 
When an object is weighed on an electronic balance, the mass is calculated from the final 
force acting on the balance and the defined acceleration due to gravity (g = 9.806 ms-2). In 
practice the terms weight and mass are often used synonymously. More properly, weight (w) 
is the force of gravity on an object with mass. This weight force measured in newtons is equal 
to mg, where m is the mass in kg and g the acceleration due to gravity in ms-2.  
 
When an object is immersed in water, the volume of water displaced is equal to the volume 
(V) of the object – assuming that the object does not absorb water or has internal cavities that 
take in water. The buoyant force (F) on the object is equal to the product of the volume of the 
object, the density (ρ) of water, and the acceleration due to gravity (g), i.e. F = Vρg. The 
buoyant force acts against gravity and so reduces the weight by ∆𝑚 = 𝑉𝜌 (F=ma therefore m 
= F/a where in this case a = g). The weight of the marble in the water (𝑚!) is less than the 
mass of the marble in the air (𝑚!) by this amount.  
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 𝑚! = 𝑚! − ∆𝑚 = 𝑚! − 𝑉𝜌         (1)       
 𝜌 = 𝑚! −𝑚!𝑉  
(2) 
The mass of the hook and line (mh) needs to be factored into equation (2) 
 𝜌 = 𝑚! − 𝑚! −𝑚!𝑉  
(3) 
 
The mass mw includes 1 cm of line as this is about the length immersed in the water above the 
marble. The measured density depends only on the fluid surrounding the marble. The 
immersion depth of the marble, volume of water, evaporation, the density and temperature of 
the air have a minimal effect on the density measurement. A glass marble is a very good 
immersion object since glass has a very low coefficient of thermal expansion (volume 
coefficient for glass β = 27.6 × 10-6 K-1 www.engineeringtoolbox.com) representing an error 
of ± 0.05% in the calculated density over a temperature range of ± 20 °C from the volume V 
initially measured at approximately 20 °C (∆𝑉 = 𝑉𝛽Δ𝑇). It is notable that the precision of 
the result is not limited by precise knowledge of the acceleration due to gravity since g does 
not appear in this expression for density. Differences in g are taken care of by ensuring that 
the balance is calibrated before use. 
 
Method 
 
Figure 1 shows a schematic diagram of the apparatus and figure 2 shows a photo of the 
experimental setup in the undergraduate physics laboratory at QUT. Figure 3 is a close up of 
the marble suspended in the water. In the teaching laboratory there are three sets of apparatus 
so that three groups of students can perform the experiment simultaneously. Three marbles 
are provided – each of a different colour to avoid confusion.  Lengths of 0.22 mm diameter 
monofilament fishing line are attached to each marble using Araldite glue. The mass of each 
marble was obtained by weighing the marble on the pan and the volume measured using the 
technique described in [12].  About a centimetre of fishing line was included in the volume 
and mass measurement. Students are provided with the mass and volume of the marble they 
are using. This saves time since the experiment, including filling in a proforma, fits into a 1 
hour and 50 minute session.  
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Figure 1. Schematic diagram of a glass marble being weighed in water by being suspended from an under pan 
hook of an electronic balance. 
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Figure 2. One of three sets of experimental apparatus.  
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Figure 3. Close up of the glass marble suspended beneath the surface of the water in a glass beaker. 
 
The line attached to the marble is attached to the hook (figure 4) made from a paperclip, 
which is then hooked onto another paperclip hanging beneath the balance (Satorius CP 224 S 
220 g ± 0.1 mg). The length of line is adjusted so that when the marble is gently lowered into 
the water it is about 1 cm below the surface. 
 
Two containers of ice are provided at the beginning of the experiment. The students add some 
ice to a 500 ml glass beaker. Enough ice is added so that when all the ice had melted the 
temperature of the water is less than 1 °C. Water temperature is measured using a PK-80 
immersion probe of a Fluke 54 II electronic thermometer (± 0.1 °C).  
 
Prior to each measurement, the water is stirred using the temperature probe and the marble 
carefully immersed in the water and left for about 10 s for the weight reading to stabilise. 
When a small “g” appears to the right of the numbers the reading is stable and can be 
recorded. When the small “g” appears the assumption is made that any currents in the water 
are minimal and the temperature of the water is reasonably uniform. The immersion probe is 
inserted into the water next to the marble and the temperature measured immediately after the 
weight is recorded. 
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After each measurement, about 20 ml of water is removed and 20 ml of water at room 
temperature added, and the next temperature measurement made. This process is repeated 
until the water is within a degree or so of room temperature. 
 
 
 
 
 
 
Figure 4. Detail of the under pan connection. The monofilament connected to the marble is attached to a cord 
hanging from the balance using paperclips. 
 
Some water is then heated to about 40 °C and added to the beaker so that the temperature was 
about 35 °C. Room temperature water is added in approximately 20 ml increments and then 
20 ml removed from the beaker until the temperature is once again within a degree or so of 
room temperature.  The whole experiment was repeated to enable the repeatability to be 
measured. 
 
The volume of the marble associated with each set of apparatus was measured three times 
using the Archimedes immersion method described in reference [12]. The volume of the 
marble used to collect the data in this paper was 40.0377 ± 0.0022 ml, the mass of the marble 
in air 99.3014 ± 0.0001 g, and the mass of the line and hook 0.5500 ± 0.0002 g. The density 
of water for each temperature was calculated using an Excel spread sheet. The following 
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online water density calculator was used to obtain accepted density values for the actual 
temperatures used. 
http://antoine.frostburg.edu/chem/senese/javascript/water-­‐density.html	  
 
Results 
 
Table 1 shows the measured density versus accepted values and the percentage error. Figure 
5 shows a plot of the data shown in Table 1.  
 
Table1. Experimental (ρe ) and accepted densities (ρa ) and percentage differences. 
 
T	  (°C)	   ma	  (g)	   ma-­‐mw	  (g)	   ρ e	  (g	  cm-­‐3)	   ρa	  (g	  cm-­‐3)	   %	  diff	  
1.2	   59.840	   40.0164	   0.9998	   0.999911	   0.011089	  
1.9	   59.833	   40.0234	   0.999975	   0.999939	   -­‐0.0036	  
4.2	   59.835	   40.0214	   0.999925	   0.999974	   0.004896	  
5.3	   59.836	   40.0204	   0.9999	   0.999961	   0.006094	  
8.5	   59.839	   40.0174	   0.999825	   0.999819	   -­‐0.00061	  
11	   59.847	   40.0094	   0.999625	   0.999601	   -­‐0.00242	  
13	   59.855	   40.0014	   0.999425	   0.99938	   -­‐0.00454	  
14.2	   59.862	   39.9944	   0.99925	   0.999219	   -­‐0.00315	  
15.4	   59.870	   39.9864	   0.999051	   0.999041	   -­‐0.00096	  
16.5	   59.875	   39.9814	   0.998926	   0.998863	   -­‐0.00627	  
18.5	   59.889	   39.9674	   0.998576	   0.998504	   -­‐0.0072	  
21.6	   59.909	   39.9474	   0.998076	   0.997863	   -­‐0.02136	  
23.8	   59.933	   39.9234	   0.997477	   0.997348	   -­‐0.01289	  
25.4	   59.943	   39.9134	   0.997227	   0.996944	   -­‐0.02836	  
27.1	   59.966	   39.8904	   0.996652	   0.996488	   -­‐0.01646	  
28.4	   59.978	   39.8784	   0.996352	   0.996122	   -­‐0.02311	  
30.3	   60.008	   39.8484	   0.995603	   0.995559	   -­‐0.00439	  
31.9	   60.020	   39.8364	   0.995303	   0.995061	   -­‐0.02431	  
34.6	   60.060	   39.7964	   0.994303	   0.994171	   -­‐0.01333	  
	  	   	  	   	  	   	  	   mean	   -­‐0.00794	  
	  	   	  	   	  	   	  	   sd	   0.010922	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Figure 5. Experimental and accepted densities verses temperature. 
 
The error in the data points can be calculated using the quadrature method as follows: 
 ∆𝜌 = 𝜌 ∆𝑚! + ∆𝑚! + ∆𝑚!𝑚! − 𝑚! −𝑚! ! + ∆𝑉𝑉 ! ! ! 
(4) 
 
When the measurement errors given above are inserted into (4) Δ𝜌 = ±  5.5×10!!  g  cm-­‐3. If 
error bars were added to the plot in figure 6 they would be smaller than the data markers. 
 
 
Discussion 
The results demonstrate that the variation of the density of water with temperature can be 
measured very accurately using a marble and an electronic balance. For the data in this paper, 
the average deviation from the accepted density values of pure water was only -0.008 ± 
0.011% with maximum deviation being -0.024% at 31.9 °C.  Even although the error is 
extremely small it is useful for students to discuss sources of error. 
 
For example, one of the main sources of error is that with the technique described here it is 
impossible to measure the temperature and weight at the same time. Therefore the 
temperature of the water at the time the marble is weighed might be slightly different from 
when measured with the thermocouple. The error also depends on the accuracy of the 
measured mass and volume of the marble.  
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An advantage of this method over that discussed in [13] is that the volume of the ball can be 
measured to high precision by the instructor or technician prior to the laboratory, while all 
other measurements made by students can be read directly from digital instruments with no 
necessity for care in measuring fluid volumes. Note that the measured variation between 
obtained densities and the accepted values is less than the expected variation of ± 0.05% due 
to the thermal expansion of the marble in this temperature range. This could easily be 
accounted for in the spreadsheet density calculation using the volume expansion formula for 
the marble volume and the measured temperatures.  
 
Another source of error is water climbing up the sides of the fishing line. This will pull on the 
line increasing the weight, which will make the water appear less dense. Taking the surface 
tension of water γ = 0.076 Nm-1 for the 0.22 mm diameter fishing line and a contact angle of 
00,	  	  this represents a correction of approximately -5 mg to each mw measurement, or -0.008% 
in the overall density in this reported result. 
 
Students are able to ascertain that for temperatures above 4 °C the density of water decreases 
with an increase in temperature. This can be ascertained fairly easily by noting that the 
volume of a given mass of liquid is proportional to the inverse of the density. The fractional 
change in the height (∆𝑑) per given mass per unit surface area in a container with vertical 
sides (like a mercury or alcohol thermometer) when the density changes from 𝜌! to 𝜌! is  
 ∆𝑑𝑑 = 1𝜌! − 1𝜌! 
 (5) 
 
For example, equation (5) can be used to estimate the increase in sea level for a 2 °C increase 
in global average temperature. The average temperature of the oceans is currently 17 °C. 
According to the water density website cited above, the density of pure water at 17 °C is 
0.9987779 g cm-3 and at 19 °C the density is 0.9984082 g cm-3. When these values are 
inserted into equation (5) they reveal a fractional increase in volume of 0.0003707. If we 
assume constant area for the oceans then the fractional increase will be the same, in other 
words 0.37 mm for each metre depth of sea water.  
 
We have assumed that the density of sea water as a function of temperature is similar to pure 
water. However, the variation in the density of sea water is significantly different from pure 
water. For example, using a sea water density calculator such as  
http://www.csgnetwork.com/h2odenscalc.html 
  
gives the density of sea water as 1.028616 g cm-3 at 17 °C and 1.028111 g cm-3 at 19 °C, - a 
fractional difference of 0.0004775, which is 29% greater than the value of 0.0003707 for pure 
water.  
 
The actual change in the depth of sea level can be calculated from 
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 ∆𝑑 = 𝜌𝑑 1𝜌! − 1𝜌!  
(6) 
 
Where Δd is the change in the average depth of the oceans, d the average depth of the ocean, 
ρ the nominal density of sea water and ρ1 and ρ2 the density at temperature 1 and temperature 
2.  
 
If the average depth of the oceans (4.24 km), the density of sea water at 17 °C (1028.616 kg 
m-3), and the inverse sea water densities at 17 and 19 °C are inserted into equation (6) an 
increase in sea level of 2.08 m is obtained. However, the increase will be much less since at 
first the rise in temperature will only affect the top 100 m of the ocean where the water is 
well mixed.  
 
It is interesting to apply equation (6) to the 1880 – 2010 sea level increase of 0.2 m for a 0.85 
°C increase in temperature (16.15 – 17 °C). This gives an average depth of 1.0 km, which 
implies that most of the thermal expansion has occurred in the top 25% of the oceans. 
 
Even an increase of 2.08 m is relatively small compared to the projected sea level rise of 7.2 
m consequent to the melting of the Greenland ice sheet [14], let alone the Antarctic ice 
sheets, Siberian tundra, and glaciers worldwide. The experiment described in this paper gets 
students to engage with the physics of climate change. 
 
If necessary, the experiment could be made more elaborate for advanced students. For 
example a hot plate could be used to slowly heat the water over a longer period of time so 
that more data points can be obtained. Thermocouples could be placed around the immersed 
marble to obtain more accurate temperature measurements. Also, the density of sea water as a 
function of temperature could be measured, although in this case the water would need to be 
cooled in a freezer as adding ice cubes would reduce the salinity. 
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